Introduction
The D1 receptor (D1R) is one of five dopamine (DA) receptor subtypes expressed in brain [1] . D1Rs are enriched in the striatum, prefrontal cortex and hippocampus and play a key role in brain mechanisms linked to reward, learning, memory and movement via effects on inhibitory and excitatory transmission [2] [3] [4] [5] . Albeit a Gslinked G protein-linked receptor (GPCR), behavioral studies revealed a perplexing discrepancy between the efficiency of various D1R agonists in stimulating adenylyl cyclase and the behavioral efficacy of these compounds in vivo [6] . Indeed, a series of studies have highlighted the ability of the D1R family of receptors, or a D1-like receptor to elevate intracellular Ca 2+ (Ca cillations or gradual increases observed after several minutes. In brain, Ca 2+ i levels regulate a number of intrinsic neuronal properties such as firing patterns, dendrite arborization, as well as neurotransmitter release, receptor trafficking, gene transcription and synaptic plasticity [12] [13] [14] [15] [16] . While D1R-mediated DA transmission appear to modulate many of these responses, the signaling mechanisms underlying the ability of D1R agonists to rapidly elevate Ca 2+ i levels and/or stimulate Ca 2+ oscillations are not known. There are clear indications that in brain, crosstalk with G q/11 -linked receptors might account for at least some of the neuromodulatory actions of D1Rs. For example, D1R activation potentiates G q/11 receptor-induced Ca 2+ waves spreading across the developing frontal cortex [17] . Likewise, an earlier study of adult prefrontal cortex indicated that DA induces long-term synaptic depression in the context of G q/11 -linked glutamate receptor co-activation [18] . On the other hand, several studies posit the existence of a PLC-linked D1-like receptor [11, 19, 20] . Here, we explore both arms of the cAMP and Ca 2+ i signaling cascades in detail to better understand the mechanisms underlying the Ca 2+ i transients regulated by D1R agonists in neurons. Our results point to mechanisms involving cAMP and PKA activation.
Materials and Methods
Cell Culture, DNA Constructs, and Reagents HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, Calif., USA), supplemented with 10% fetal calf serum (FCS; Mediatech, Herndon, Va., USA). The human D1R stable cell line (D1HEK293) [21] was maintained in DMEM medium containing 250 g/ml G418 (Sigma, St. Louis, Mo., USA). Carbachol, SKF81297, SKF38959, forskolin, H89, atropine, and 8-Br-cAMP were purchased from Sigma. ATP was obtained from Roche Applied Sciences. Cholera toxin (CTX) was purchased from Research Biochemical International (Sigma) and pertussis toxin (PTX) from List Biological Laboratories (Campbell, Calif., USA). Thapsigargin, U73122, DHPG, and KT5720 were obtained from Tocris (Ellisville, Mo., USA).
Ratiometric Ca 2+ Imaging D1HEK293 cells or hippocampal neurons were plated in poly-D-lysine coated cover-slip bottom dishes (MatTek, Ashland, Mass., USA) and loaded at 37 ° C for 40 min with 5 M Fura-2 AM (Molecular Probes, Eugene, Oreg., USA), dissolved in DMSO with 2.5% pluronic acid and diluted with HBS (in m M : Hepes, 10; NaCl, 150; MgCl 2 , 2; KCl, 2.5; CaCl 2 , 4; glucose, 10), pH 7.4. Cells were then washed three times with HBS, and bathed in HBS for 15 min at 37 ° C before Ca 2+ imaging at room temperature. For studies performed in Ca 2+ -free HBS (in m M : Hepes, 10; NaCl, 150; MgCl 2 , 8; KCl, 2.5; EGTA 0.25; glucose, 10), cells were washed three times with Ca 2+ -free HBS and bathed in Ca 2+ -free HBS after loading with Fura-2 in Ca 2+ -containing HBS. Samples were viewed with Zeiss Axiovert S100 microscope using a 40 ! oil immersion objective, and sequentially illuminated with a 100 W Xenon monochrometer at 10 s (D1HEK293 cells) or 1-3 s (hippocampal primary cultures) intervals for 20-40 ms, first at 340 nm, and then at 380 nm. Images were collected via a CCD camera (Imago QE) connected to a Dell workstation. Fluorescence emission at 510 nm was monitored for each excitation wavelength, and analyzed with TillVision software (TillPhotonics, Germany). Pixel intensities within selected areas of the images (with each area corresponding to a single cell) were digitized for both wavelengths at each time point. The first ten data points were averaged to establish F 0 , the baseline ratio of emission detected at 510 nm following excitation at 340 and 380 nm (F 340 / F 380 ). Changes in F 340 /F 380 with time were plotted as F -F 0 /F 0 . The Ca 2+ i traces shown are representative results obtained in at least three independent experiments, and typically correspond to the mean response detected in 12-15 randomly selected cells (unless noted otherwise).
Measurement of IP 3 by Ion Exchange Chromatography
Inositol phosphate measurements were carried out following the method described by Islam and Akhtar [22] with some modifications. Briefly, D1HEK293 cells were seeded at 50% confluence in poly-L -lysine coated 6-well plastic dishes. After 20-24 h, the medium was removed and cells were rinsed (using PBS) and starved for another 24 h in inositol and serum-free medium containing 18-20 Ci/well myo-[2-3 H] inositol (Amersham Biosciences) and 2% BSA (Sigma). The cells were washed in PBS to remove the unincorporated radioactivity, and equilibrated with inositol-free medium containing 10 m M lithium chloride for 20 min at 37 ° C. Agonist stimulation of D1HEK293 cells was carried out at RT with 50 M carbachol and/or 10 M SKF81297. After stimulation, cells were placed on ice and the medium replaced with 1.5 ml of ice-cold 1 M formic acid. Cell lysates were harvested after 10 min incubation on ice by scraping with a rubber policeman, and sonicated. Supernatants were collected following centrifugation at 14,000 rpm for 1 min, and aliquots retained for protein concentration determination. Equal volumes of the cell supernatants were applied to Dowex AG1X8 (BioRad) ion exchange columns equilibrated with 1 M formic acid. The columns were washed with 50 bed volumes of de-ionized water, and bound IP 1 , IP 2 and IP 3 sequentially eluted with 0.2, 0.4 and 1.0 M ammonium formate, respectively. Levels of eluted isotope were determined by scintillation counting (Beckman Instruments).
Neuronal Cultures
Neuronal cultures were prepared from postnatal day 2-4 Sprague-Dawley rat pups. Briefly, hippocampi dissected from ketamine-injected (3 mg/pup, intraperitoneal) rat pups were dissociated for 2 h in the presence of 20 U/ml activated papain. Dissociated cells were plated into glass bottom dishes coated with 100 g/ml poly-D -lysine and 5 g/ml laminin at a density of approximately 600,000 cells per dish. Neuronal medium conditioned over glia was used to maintain the cultures. Experiments were performed with cultures at 7-18 DIV. 
Results

D1Rs Stimulate Ca
2+ i Release following Activation of Gq-Coupled GPCRs
Activation of endogenous Gs-linked D1-like DA receptors (D1 and D5R) rapidly elevates Ca 2+ i levels in hippocampal and neocortical neurons provided that the cells are 'primed' with agonists of Gq-linked GPCRs [8] .
To pinpoint the signaling mechanisms involved, we investigated D1/5R agonist-evoked Ca 2+ transients in D1HEK293 cells, a cell line stably expressing D1Rs [21] . Application of either ATP (50 M ) or carbachol (CCL, 50 M ) to activate endogenous G q -linked purinergic or muscarinic receptors, respectively, evoked large Ca 2+ i transients in the D1HEK293 cells ( fig. 1 a, b) . Subsequent addition of the D1/5R agonist SKF 81297 (10 M ) also evoked robust Ca 2+ transients ( fig. 1 a, fig. 1 a) . Further, the efficacy of thapsigarin (2 M ) in occluding both the ATP (data not shown) as well as the subsequent D1R-evoked Ca 2+ i transients suggested both types of responses involved release of Ca 2+ from the smooth endoplasmic reticulum (SER) ( fig. 1 b) .
Although the application of 10 n M SKF81297 evoked a Ca 2+ transient similar in size to that evoked by 10 M SKF81297 ( fig. 1 a) fig. 1 c) .
Essential Role of the Gs/cAMP/PKA Pathway in D1R-Evoked Ca
2+ Transients SKF81297 is a full agonist of Gs-linked D1Rs [6] . Therefore, we tested whether adenylyl cyclase coupling was crucial for Ca 2+ mobilization. Results obtained with forskolin, a direct activator of adenylyl cyclase, strongly indicated that cAMP signaling plays a key role in the magnitude of the D1R-stimulated Ca 2+ responses. When applied to D1HEK293 cells after priming with either ATP or CCL, forskolin (10 M ) appeared to fully mimic the effect of SKF81297 ( fig. 1 d) . Application of the cell permeant cAMP analog, 8-Br-cAMP (1 m M ) also elicited a robust Ca 2+ response when applied to D1HEK293 cells after priming ( fig. 1 d) .
We then examined the role of heterotrimeric G protein coupling in the D1R-evoked Ca 2+ responses using cholera toxin (CTX) or pertussis toxin (PTX), agents that result in the uncoupling of agonist-stimulated receptor signaling through G s and G i , respectively. Pretreatment with CTX (2 g/ml), but not PTX (100 ng/ml) abrogated detection of the D1R agonist-evoked Ca 2+ responses ( fig. 2 a, b) . In contrast, neither CTX nor PTX inhibited the priming receptor-evoked Ca 2+ responses. Taken together, the results of the CTX, forskolin, and 8-Br-cAMP studies strongly supported the idea that adenylyl cyclase activation is a necessary step in the crosstalk dependent mechanism by which D1Rs stimulate Ca fig. 3 a) . Similarly, application of atropine (1 M ) after CCL quenched the CCL response, and also blocked the ability of SKF to stimulate a Ca 2+ response ( fig. 3 b) . However, ATP, when added after atropine, rescued the ability of SKF to evoke Ca 2+ transients ( fig. 3 c) . Further, application of the phospholipase C (PLC) inhibitor U73122 (10 M ), but not vehicle to D1HEK293 cells after priming, blocked the ability of both SKF ( fig. 3 d) and forskolin (not shown) to evoke Ca 2+ i release. Altogether, these results indicated that concurrent PLC stimulation by a G q/11 -linked GPCR is necessary for the SKF-or forskolin-evoked Ca 2+ responses. Indeed, inositol phosphate (IP) levels in D1HEK293 cells increased continually following addition of the muscarinic receptor agonist as previously noted [24] ( fig. 3 e) . However, addition of the D1R agonist SKF81297 did not stimulate further increases in the IP levels compared to incubation with CCL alone ( fig. 3 e) .
D1R Stimulation Enhances Efficacy of Ca
2+ Store Mobilization Stimulation of D1Rs also more effectively mobilized internal Ca 2+ stores than reapplication of priming agonist ( fig. 4 a) . This effect was observed in experiments in which D1HEK293 cells were washed with Ca 2+ -free HBS after priming with CCL, and CCL was re-applied 2-4 min later, followed by D1/5R agonist. Compared to the initial CCL-evoked Ca 2+ transients, the second round of CCL application evoked much smaller responses both with respect to size and frequency (i.e. only 9 of 46, or 20% of randomly selected cells responded). In contrast, the Ca 2+ responses evoked by subsequent application of SKF81297 significantly exceeded that of the second CCL response (i.e. 45/46, or 98% of cells randomly selected responded). Receptor desensitization did not seem to play a major role in the weak Ca 2+ transients evoked by the second round of CCL application since significant differences between the initial and second CCL-evoked responses were not detected when similar experiments were performed in Ca 2+ -containing HBS (data not shown). Also consistent with the idea that D1R stimulation enhances intracellular Ca 2+ store mobilization, SKFevoked responses in cells primed with a dose of ATP (2 M ) that is insufficient to evoke detectable Ca 2+ transients ( fig. 4 b) . Similarly, pretreatment of cells with SKF 'revealed' Ca 2+ transients in cells stimulated with the low dose of ATP ( fig. 4 c) .
D1R Agonists Potentiate Group I mGluR-Evoked Ca
2+
Responses in Hippocampal Cultures
We next asked whether cAMP/PKA signaling plays a role in Ca 2+ transients regulated by D1R-G q/11 crosstalk in neurons. As in the D1 HEK293 cells ( fig. 4 c) , pre-treatment of hippocampal cultures with D1R agonist amplified the Ca 2+ responses evoked by subsequent application of the G q/11 -coupled (group I) mGluR agonist DHPG (10 M ). For example, Ca 2+ oscillations were rarely detected in response to DHPG (n = 2 of 20 cells) ( fig. 5 a, b) . In the presence of SKF91297 (1 M ), however, the group I mGluR agonist frequently generated Ca 2+ oscillations, either as baseline spikes or superimposed on an elevated baseline (n = 6 of 9 cells) ( fig. 5 b-d) . We then compared the DHPG responses in cells pretreated with SKF81297, a full agonist to those pretreated a partial D1R agonist SKF38959 [6] . Pretreatment with the D1R agonist SKF38959 (1 M ) also altered both the time course as well as the overall shape of the DHPG-evoked responses. Indeed, in the presence of SKF38959, DHPG primarily stimulated Ca 2+ oscillations (n = 17 of 20 cells) ( fig. 5 b, e, f) . Addition of the voltage-gated sodium channel blocker tetrodotoxin (1 M ) during the train of Ca 2+ oscillations, quenched the responses ( fig. 5 e) . Further, pretreatment with the PKA inhibitor KT5720 blocked the DHPG-evoked oscillations ( fig. 5 b, f) .
Discussion
The findings presented here suggest that coupling to Gs-and cAMP-mediated PKA activation are essential components of dopamine D1R-regulated Ca 2+ i transients. Further, these studies suggest that Gs-linked GPCRevoked Ca i 2+ release could be a general phenomenon since the magnitude and latency of the Ca 2+ transients stimulated by forskolin, isoproterenol, and SKF81297 were comparable. Indeed, cAMP plays a crucial role in the ability of Gs-linked receptors for adenosine and parathyroid hormone to activate Ca 2+ i release [25] [26] [27] [28] . However, our studies also indicated that while necessary, Gs coupling and PKA stimulation are not sufficient for the D1R-or forskolin-evoked Ca 2+ responses. Concurrent G q/11 -linked receptor activation was also required. In neurons, we found that the ability of SKF81297 and SKF38959, full and partial D1R agonists, respectively, to promote G q/11 -coupled receptor-evoked Ca 2+ oscillations depended on PKA activation.
Ongoing PLC activity has also been implicated in crosstalk between G i/o -coupled and G q -linked receptors [28, 29] , with the enhanced Ca 2+ responses attributed to the allosteric stimulation of PLC by G i/o liberated ␤ ␥ G protein subunits [28, [30] [31] [32] . In contrast, measurements of IP levels in D1 HEK293 cells did not reveal a stimulatory effect of SKF81297 activation of D1Rs on PLC. The observation that forskolin was also effective in evoking Ca [33, 34] . For example, cAMP is known to activate the epsilon isoform of phospholipase C (PLC ) in a PKA-independent fashion [35] . However, the ability of KT5720 to inhibit the SKF81297-evoked Ca 2+ release ruled out a mechanism involving cAMP activation of PLC . Alternatively, PKAmediated phosphorylation of IP 3 Rs could play a role in the SKF81297-and forskolin-activated responses since DA stimulates phosphorylation of IP 3 Rs in brain slices [36] , and PKA phosphorylation of IP 3 Rs increases channel sensitivity to IP 3 and open probability [36] [37] [38] . RT-PCR analysis indicates that D1HEK293 cells endogenously express type I and II IP 3 Rs (data not shown), whereas hippocampal neurons express mainly type I receptors, although type III IP 3 Rs are also present [36, 39] . Even minor increases in cAMP reportedly result in maximal levels of type I IP 3 and forskolin-evoked Ca 2+ transients, a low threshold might account for the equivalent efficacy of nanomolar and micromolar levels of SKF81297 in promoting Ca 2+ release in D1HEK293. Similarly, phosphorylation of type I IP 3 Rs by PKA could potentially account for the ability of SKF91297 to potentiate the ATP-evoked Ca 2+ responses in D1 HEK293 without significantly increasing IP 3 production [41, 42] .
The molecular mechanisms underlying Ca 2+ oscillations are thought to be diverse ranging from fluxes in levels of IP 3 , IP 3 R phosphorylation and de-phosphorylation, to Ca 2+ entry via the plasma membrane [43] . The ability of dopamine presumably via D1Rs to promote Ca 2+ oscillations as part of G q/11 -coupled receptor crosstalk paradigm has also been observed in striatal medium spiny neurons in culture, but the signaling mechanism was not worked out [7] . Our studies in hippocampal neurons with SKF81297 and SKF38959 suggest that the ability of D1R agonists to promote group I mGluR stimulated Ca 2+ oscillations involves PKA signaling. Consistent with this, PKA phosphorylation of type I IP 3 Rs lowers the threshold for IP 3 generated Ca 2+ oscillations in non-neuronal cell types [41, 44] . Indeed, elevated cAMP levels are also reported to increase the frequency of Ca 2+ oscillations in neurons [34] . Hence, the SKF81297 promoted oscillations detected might be accounted for by a combination of PKA-mediated phosphorylation of IP 3 Rs to increase channel open probability, and Ca 2+ -mediated negative feedback to bring about IP 3 R desensitization [45] . Studies in heterologous cells suggest that mGluR5 surface levels regulate the frequency of Ca 2+ oscillations [46] , and that mGluR1 can potentially elevate cAMP as well as intracellular Ca 2+ levels [47] . Alternatively, it is conceivable that either altered mGluR1/5 surface expression or G protein coupling are involved in the D1R-promoted oscillations. On the other hand, D1R agonist-specific signaling mechanism(s) might be involved in the oscillatory Ca 2+ responses detected. Indeed, the oscillatory effect on the DHPG-evoked responses was more consistently observed in neurons treated with SKF38959. Unlike SKF81297, SKF38959 is not a potent activator of adenylyl cyclase [6, 19] . SKF38959 is considered a partial agonist, and has been extensively utilized to pharmacologically characterize a putative PLC-linked D1-like receptor that has yet to be cloned [19, 20, 48] . Intriguingly, more recent studies suggest that SKF38959 preferentially activates D1Rs involved in a heterodimeric complex with G i/o -linked D2 DA receptors [9, 49] . If a D1/D2 heterodimer is required for SKF38959 binding, the robust oscillatory effect of this partial agonist on the DHPG responses might be attributed to direct or allosteric stimulation of PLC in combination with positive (e.g. PKA-mediated) and negative (e.g. Ca 2+ -mediated) feedback mechanisms [28, [30] [31] [32] 50] .
Studies in model systems suggest that Ca 2+ oscillations potentially provide a unique cue for regulating the efficiency and specificity of gene transcription [51] . The present findings raise the possibility that the Ca 2+ oscillations promoted by D1R and G q/11 -linked mGluR crosstalk might impact gene transcription in neurons, albeit in a PKA-dependent fashion. Indeed, both D1R-mediated phosphorylation of cAMP response element binding protein (CREB) transcription factor and G q/11 -linked mGluR signaling are implicated in drug addiction and reward mechanisms [52] [53] [54] . 
